In this study, mango slices were dried with using both microwave and infrared methods. The microwave and infrared power levels are determined between 90 -800W and 75 -104 W, respectively. The results of this study show that microwave and infrared power levels have an effect on drying kinetics. Five thin-layer drying models that were widely used in the literature were applied to the experimental data and the effective moisture diffusivity, activation energy and energy consumptions are also calculated. Midilli & Kucuk model was the best fits of experimental data for both microwave and infrared drying. The effective moisture diffusivity values were determined to be between 2.28 × 10 -9 and 4.66 × 10 -8 m 2 /s, and 5.07 × 10 -10 -1.27 × 10 -9 m 2 /s for microwave and infrared drying, respectively. The values of activation energy for microwave and infrared drying were found as 39.135 and 4.482 kW/kg, respectively.
Introduction
Mango is a type of a cultivated fruit, which belong to the genus Mangifera, consisting of numerous tropical fruiting trees. The main family of the mango is Anacardiaceae and the native of this fruit is belongs to South Asia [1] . World production of mangoes in 2013 was 42.66 million tons. Five largest producers in the World were India, China, Thailand, Indonesia and Mexico with the productions of 18.00, 4.45, 3.14, 2.06 and 1.90 million tons, respectively [2] . The energy value per 100 g mango is 250 kJ (60 kCal), and contains significant amounts of the daily values of vitamin C and folate. Also mango contains vitamin A, thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), vitamin B6, folate (B9), vitamin E, vitamin K, calcium, iron, magnesium, manganese, phosphorus, and potassium [3] . In spite of its excellence, the perishable nature of this fruit and its short harvest season severely limit its utilization. Drying may be an interesting method in order to prevent fresh fruit deterioration [4] .
Moisture content in the food products lead to decay and spoil due to its microbiological activity. For long term preservation, several drying processes are used in the literature. With some disadvantages such as lower energy efficiency and long drying times the simplest method is the hot-air drying method [5] [6] [7] . A new efficient method, which is microwave drying method, has been in interest among the researchers for the last two decades. This new method is used due to rapid absorption of heat by water inside the food product that causes rapid removal of water molecules, which leads to the decrease in the drying time and energy. In literature with the method of microwave, several vegetables and fruits are studied by the researchers. Carrot [7] , garlic [8] , green pea [9] , mushroom [10] , potato [11] , apple [12] , blueberry [13] , cranberry [14] , mango [15] , eggplant [16] and mussel [17] are some examples that were studied in the literature by using microwave methods.
Infrared drying has gained popularity as other an alternative drying method for a variety of agricultural products. When infrared radiation is used to warm up or dry moist materials, it penetrates the material where the energy of radiation converts into heat. The infrared radiation technology for drying foods could reduce the drying time, maintain a uniform temperature in the product and provide a better quality for the finished products [18] . This drying method is particularly suitable for thin layers of material with large surface exposed to radiation. By using the infrared method; green beans [6] , apples [18] , strawberry [19] , potato [20] , sweet potato [21] , and red pepper [22] were studied.
Drying is a complicated process involving simultaneous, coupled mass and heat transfer, particularly under transient conditions [23] . From an engineering point of view, it is important to develop a better understanding of the controlling parameters of this complex process. Mathematical models of the drying processes are used for designing new or improving existing drying systems or even for the control of the drying process. Many mathematical models have proposed to describe the drying process, of them thin-layer drying models have been widely in use. These models can be categorized as theoretical, semi-theoretical, and empirical. The drying characteristics and kinetics of mango slices have been studied by some investigators [4, 15, 24] .
From the studies in the literature it is seen that the microwave and infrared drying kinetics of mango slices were not studied in detail. So in this study, the thin-layer drying behaviour of mango slices is investigated by using five thin-layer drying models then the values of effective moisture diffusivity and activation energies are calculated.
Materıal And Methods

Samples
Mangos are purchased from a local market in Istanbul. Mango slices were cut into layers of 0.5 cm thickness. Initial moisture content of mango slices was determined using the AOAC-Method 934.06 [25] in an Ecocell LSIS-B2V/EC55 (MMM Medcenter Einrichtungen GmbH, Planegg, Germany) model oven at 105°C for 24 h.
Drying Procedure
Microwave drying experiments were carried out in a Bosch HMT72G420 (Robert Bosch Hausgerate GmbH, Munich, Germany) domestic microwave oven (Maximum output: 800 W, 2450 MHz. Drying experiments was made using the microwave power levels between 90 and 800 W. The weights of mango slices are used in the range of 7.6 and 9.7 g in these experiments.
Infrared drying experiments were carried out in a Snijders Moisture Balance, which has a 250 W halogen lamp (Snijders b.v., Tilburg, Holland). The drying experiments were performed at infrared power level varying from 75 to 104 W. The weight of the used mango slices used in the experiments is 25 ± 0.5 g.
At the end of the determined time, the samples were removed of each dryer and their weights were recorded using an Ohaus PA214C digital balance, which has an accuracy of 0.001 g (Ohaus Corporation, NY, USA). When the moisture contents decreased to 0.5-0.6 kg water/kg dry matter in microwave drying and 0.15 kg water/kg dry matter in infrared drying process experiments were stopped. Final moisture content of microwave is higher than the infrared moisture content due to the fast burning of samples below 0.5 kg water/kg dry matter.
Dried mango slices were cooled in a desiccator and packed in low density polyethylene bags. Drying experiments were repeated three times and average moisture contents were used in the drying curve plots.
Mathematical modelling
The moisture content is calculated using Equation (2.1)
where M is the moisture content (kg water/kg dry matter), mw is the water content (g) and md is the dry matter content (g).
Drying rate is calculated using (2.
where DR is the drying rate (kg water/kg dry matter × min), Mt+dt is the moisture content at t+dt (kg water/kg dry matter) and t is the drying time (min).
Moisture ratio was calculated using (2.3):
where MR is the moisture ratio (dimensionless), Mt, Me and Mi are the moisture content at selected time, at equilibrium and the initial value in kg water/kg dry matter. The experimental data of MR obtained at different microwave and infrared power levels were fitted to five thin-layer drying models, where the models used are given in Table  1 . Table 1 . Models used for fitting the experimental data
Model Name Equation Reference
Aghbashlo et al.
Statistical Analysis
Based on the Lavenberg-Marquardt algorithm, model parameters were estimated using a non-linear regression procedure by the help of Statistica 8.0 computer programme (StatSoft Inc., Tulsa, USA). The predicted data obtained were evaluated by the coefficient of determination (R 2 ), reduced chi-square (χ 2 ), and root mean square error (RMSE). Since, higher R 2 values and lower χ 2 and RMSE values were accepted as better results [15, 17] . The equations of R 2 , χ 2 and RMSE are given in (2.4), (2.5) and (2.6), respectively:
where MRexp and MRpre represent experimental and predicted values of moisture ratio, respectively. N is the total number of data obtained, and z is the number of constants in the model.
Calculation of effective moisture diffusivity
In the drying of agricultural products, Fick's second law of diffusion equation, which symbolized as a massdiffusion equation in the falling rate period, is shown in
The analytical solution of Fick's second law (2.7) unsteady state diffusion with the assumptions of moisture migration due to diffusion, negligible shrinkage, constant diffusion coefficients and temperature during the drying process is given in (2.8):
where Deff is the effective moisture diffusivity (m 2 /s), t is the drying time (s), L is the half-thickness of samples (m) and n is the positive integer. In Equation (2.8) the first term is significant and the equation can be simplified and written into logarithmic form as:
So the values of Deff can be determined by the slope of the curve obtained by plotting experimental drying data in terms of ln (MR) versus drying time. 
Determination of activation energy
Temperature is not directly measurable quantity in the microwave and infrared drying processes. Given by Kipcak [17] , the activation energy can be calculated by the modified form of Arrhenius equation, where the equation shows the relationship between the effective moisture diffusivity and the microwave power to sample weight instead of temperature:
D0 is the pre-exponential factor of Arrhenius equation (m 2 /s), Ea is the activation energy (W/kg), P is the microwave power (W) and m is the sample weight (kg).
Results and Discussion
Drying curves
Drying curve of moisture content with respect to time for mango slices is given in Figures 1 and 2 . As the microwave and infrared power level increased the moisture contents were decreased faster. The drying time required reaching the final moisture content of samples were found as 44, 10, 4.5, 2.67 and 2 min for the microwave power levels of 90, 180, 360, 600, and 800 W, respectively. On the other hand, for infrared dying the drying times were increased to 225, 135 and 120 min for the infrared power levels of 75, 88 and 104 W, respectively. As expected at higher microwave and infrared power levels, higher heat absorption caused higher product temperature, higher mass transfer driving force, faster drying rate and lesser drying time. This observation is in mutual agreement with the results reported in the literature for microwave and infrared drying of different products such as green bean [6] , mussel [17] , red pepper [22] , onion [30] , and spinach leaves [31] .
Drying rate
Drying rate curves obtained from the experimental data for microwave and infrared drying processes are given in Figures 3 and 4 . All three rate periods namely increasingrate, constant-rate and falling-rate were obtained in the microwave drying process. On the other hand, increasingrate and falling-rate periods were seen in the process of infrared drying. Here, the increasing-rate periods is explained as adaptation period and generally it can be negligible. It is observed that the drying rates are increased with increasing microwave and infrared power levels. The decrease in drying time with an increase in the microwave and infrared power level has been reported for other food materials, including and green bean [6] , onion [32] , and pomegranate aril [33] given in Figures 5 and 6 . These curves were very close to the bisector showing a good agreement between experimental and predicted moisture ratio. By using the equations in the Tables 4 and 5 , the effective moisture diffusivity values are calculated. As it is seen from the results of Deff values increased slightly with increasing both microwave and infrared power level, due to the fact that the increase in the power level caused the rapid increase in temperature of the mango slices, which raises the vapour pressure. Calculated Deff values are within the range of 10 -12 to 10 -8 m 2 /s for drying of agricultural products [34] . These diffusivities were also close to range from 2.61×10 -10 to 1.09×10 -9 m 2 /s obtained by Dissa et al. [24] and from 4.97×10 -10 to 1.08×10 -9 m 2 /s obtained by Akoy [4] during convective drying of mango slices. The effect of microwave and infrared power on the Deff values can be calculated by the equations of (3.9) and (3.10), respectively. Activation energy calculation By using equation (2.11), the plot of ln (Deff) versus m/P is drawn for both microwave and infrared drying and the equations of (3.11) and (3.12) are obtained, respectively. 
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Conclusions
In this study, the drying characteristics of mango slices were investigated by using microwave and infrared energy. All three rate periods of increase-rate, constant-rate and falling-rate were seen on the microwave drying, where in the infrared drying the drying process took place in the increase and falling-rate periods. The drying time decreased with the increase in both microwave and infrared power level. From the mathematical modelling results Midilli &Kucuk model gave the best results for both microwave and infrared drying. The effective moisture diffusivity values were found range from 2.28×10 -9 to 4.66×10 -8 m 2 /s and 5.07×10 -10 to 1.27×10 -9 m 2 /s, for microwave and infrared drying, respectively. The activation energy values were calculated as 39.13 kW/kg and 4.48 kW/kg for microwave drying and infrared drying, respectively. In conclusion the method of microwave drying is rapid and effective then the infrared drying method. In the next study, the effect on the quality parameters of the products dried by these two drying methods will be investigated.
